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Coupled ferromagnetic-resonance modes and frequency enhancement in
Py/FeMn bilayers under magnetic proximity effect
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Ferromagnetic resonance (FMR) in exchange-coupled ferromagnet-antiferromagnet bilayers commonly shows
only one resonance mode corresponding solely to the excitation of the ferromagnetic component. Here we
report an observation of a simultaneous excitation of both the ferromagnetic and antiferromagnetic films in
a Py/FeMn bilayer, observed as two coupled FMR modes. These modes are explained as due to a dynamic
interplay between the magnetization of Py and the proximity-induced magnetization in an ultra-thin layer
of nominally antiferromagnetic FeMn. We find that this proximity induced magnetization of FeMn increases
with decreasing the thickness of FeMn. A concomitant increase in the FMR frequency toward the sub-THz
range is observed for the bilayer with FeMn as thin as 3 nm. We explain the results as due to a competition
between the intrinsic antiferromagnetic order in the FeMn film and the magnetic proximity effect induced by
the Py layer. As a result, the structure transforms in to a relatively strongly-coupled ferromagnetic bilayer,
with a completely different FMR spectrum, particularly near the Ne´el temperature of the antiferromagnetic
film. Our results show that combining materials with strong and weak anti/ferromagnetic ordering can be
promising for high-speed spintronic applications, which can potentially close the notoriously difficult GHz-
THz gap.
The significant difference in the magnetization dynam-
ics of ferromagnetic (FM) and antiferromagnetic (AFM)
materials leads to a wide gap between the respective res-
onance frequencies, reaching several orders of magnitude.
This frequency gap is due to drastically different intrin-
sic fields acting on the spins in FMs and AFMs under
FMR1. The spins in FMs are in the effective field of
the magnetic anisotropy, which is usually not larger than
a kOe (100 mT) for ferromagnetic 3d-metals and their
alloys2. On the contrary, the spins belonging to one of
the FM spin sublattices in an AFM material experience
a strong exchange field (&100 T) from the other (an-
tiparallel) sublattice. This 1000-fold factor between the
intrinsic effective fields governing the FMR in FMs and
AFMs leads to a corresponding GHz-THz frequency gap.
The idea to enhance the ferromagnetic-resonance
(FMR) frequencies by combining FM and AFM mate-
rials, e.g. in thin-film multilayers3–11, meets difficul-
ties in practice, which arise from typically weak ex-
change coupling at FM/AFM interfaces2. This problem
is well known and well-studied in relation to exchange
bias12,13 widely used in spintronic applications for cre-
ating the so-called exchange pinning of FM layers. The
latter manifests as relatively weak unidirectional mag-
netic anisotropy (typically <1 kOe), which can offer only
a weak enhancement of the FMR frequency.
In this work, we report on coupled magnetization dy-
namics and a considerable FMR frequency enhancement
in thin-film bilayers of Ni80Fe20/Fe50Mn50 (Py/FeMn).
Despite the fact that Py/FeMn is one of the most studied
exchange-bias systems14–17, the magnetization dynam-
ics of this and similar bilayers, specifically near the Ne´el
a)Electronic mail: dpol@kth.se.
temperature of the AFM layer, TN, had received little
attention, since the focus with exchange-pinning is on
the relevant magnetic properties at T ≪ TN. The main
thesis of this work is that the magnetization dynamics
of Py/FeMn should be strongly modified near TN due
to the pronounced magnetic proximity effect of Py on
FeMn. When approaching TN from bellow, AFM order-
ing in FeMn becomes weaker, while the exchange-field
from Py penetrates into FeMn and re-aligns the AFM
spins ferromagnetically. Such magnetic proximity effect
has been observed for Ni/FeMn/Co trilayers and shown
to decrease TN of the FeMn layer
18. The strength of the
proximity-exchange is known to drop exponentially with
depth into adjacent weakly magnetic layers19,20, making
the effect most pronounced for nanometer thin layers.
On the other hand, FeMn has an fcc lattice with ran-
dom chemical occupation of the sites and a noncollinear
spin structure21, which together can result in an uncom-
pensated magnetic moment in a thin film22,23. Since the
spin structure of FeMn in Py/FeMn is aligned with the
FM moment (of Py), M,24,25 one can assume that the
proximity effect can induce and stabilize a non-zero net
magnetic moment, Mb, in thin FeMn layers (Fig. 1). The
dynamic interplay between M and Mb can then lead to
coupled FMR modes. We indeed observe two coupled
FMR modes in Py/FeMn near the effective TN of the
AFM layer and a 3-fold enhancement of the FMR fre-
quency.
The FMR frequency for an exchange-coupled bilayer
for the in-plane orientation of the external magnetic field
can be expressed as26
fFMR =
γ
2pi
√
Heff(Heff + 4piMeff), (1)
where γ is the gyromagnetic constant; Heff is the effec-
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FIG. 1. Schematic of a two-layer exchange-coupled system:
“high-TC ferromagnet / low-TN antiferromagnet” (F/AF), un-
der in-plane FMR with external magnetic field H oriented in
the film plane. In the vicinity of TN, non-zero magnetic mo-
ment (Mb) in AF is induced by the strong magnetic proximity
effect from F. Mb is exchange coupled to the magnetic mo-
ment of F (M), which results in coupled, acoustic and optical,
FMR modes.
tive field, combining the external magnetic field and any
intrinsic in-plane magnetic anisotropy field; 4piMeff is the
thin-film demagnetizing field proportional to the satura-
tion magnetization (Meff ≈ Ms). The latter term can
include out-of-plane anisotropy terms, which cannot be
distinguished from the demagnetization in (1).
In expression (1), the interlayer exchange coupling con-
tributes mainly to Heff . Our expectation detailed above
is that the Py/FeMn bilayer should combine the proper-
ties of F/AF exchange-biased and F/F*-like proximity-
coupled systems. These two types of exchange coupling
are described by different Heff . The first, F/AF exchange
bias, is commonly manifest as unidirectional anisotropy
in F and, thus, is described as Heff = (H − Hb cosϕ),
where ϕ is the in-plane orientation of M with respect
to the pinning direction (ϕ = 0◦). Hb is the effective
field of the exchange-bias, which can be determined from
the angle profile of the resonance field, Hres, as the half-
difference betweenHres(0
◦) andHres(180
◦). On the other
hand, exchange coupled F/F* bilayers usually exhibit two
coupled FMR modes corresponding to different Heff : the
acoustic mode, when the magnetic moments of both F
layers are precessing in phase, has Heff = H (for sim-
plicity, we disregard possible in-plane anisotropy); and
the optical mode, when the moments are precessing in
antiphase, has Heff = (H ± Hex), with Hex being the
effective field of the FM-like (“+”) or AFM-like (“−”)
interlayer coupling27,28. As a result, the acoustic mode
is usually observed at the same resonance field as that
for the corresponding single F film, whereas the optical
mode is shifted by Hex down (up) from the position of
the acoustic mode in the case of the FM-like (AFM-like)
interlayer coupling.
As discussed above, M and Mb in our Py/FeMn sys-
tem should exchange couple (F/F*) and both experi-
ence exchange pinning (F/F*/AF). Therefore, the sys-
tem’s dynamics can be described by (1) with Heff =
(H − Hb cosϕ) for the acoustic mode and Heff = (H −
Hb cosϕ + Hex) for the optical mode. It should be
stressed that Hb and Hex are different quantities: Hex
reflects the strength of the exchange coupling at the inter-
face between Py and FeMn, whereas Hb describes the ef-
fective exchange pinning in the system. Indeed, Hb is de-
termined by the strength of the interlayer exchange cou-
pling (Hex) as well as the other factors affecting the ex-
change pinning mechanism, e.g., the magnetic anisotropy
in FeMn12. Consequently, an FMR study can distinguish
betweenHex andHb, which is not possible by using other
methods, such as magnetometry, which yield only Hb.
A series of multilayers Ta(5)/Py(5)/FeMn(t = 0, 3, 5
and 7 nm)/Al(4) were deposited on thermally oxidized
Si substrates using magnetron sputtering. To induce ex-
change pinning, a magnetic field of . 1 kOe was applied
in the film plane during deposition. The FMR measure-
ments were carried out in a temperature interval of 200–
320 K using an X-band ELEXSYS E500 spectrometer
(Bruker) at a constant operating frequency of 9.46 GHz.
The FMR spectra were measured for varying in-plane
orientation of the external field and using reverse field
sweeping from 5 kOe to zero. Temperature-dependent
measurements were performed after cooling in a mag-
netic field applied along the pinning direction.
Figure 2 shows select FMR spectra for Py/FeMn bilay-
ers with different thickness t of FeMn, measured at room
temperature and with varying in-plane orientation of the
applied field (angle ϕH). Depending on the thickness of
FeMn, the spectra can be grouped into two categories
[Fig. 2(b)–(d)]. First, the bilayers with the thicker FeMn
(t = 5 and 7 nm) exhibit two resonance lines, both with
the resonance field, Hres, dependent on ϕH. This angular
dependence reflects the exchange pinning in the system,
as detailed above, and indicates that the thicker FeMn
layers have a significant antiferromagnetic character with
TN higher than the measurement (room) temperature.
In contrast, the bilayer with the thinnest FeMn (3 nm)
shows only one resonance mode. The corresponding res-
onance line is independent of ϕH and has a large offset
(∼600 Oe) from the position of the free-Py line (LPy)
[Fig. 2(a)]. This difference between the two types of FMR
behavior is explained below in terms of a transformation
of the interlayer exchange coupling near TN.
We associate the observed two resonance lines for the
structures with t = 5 and 7 nm with the acoustic and
optical resonance modes arising from a dynamic interac-
tion of the Py’s magnetization and the FeMn’s proximity-
induced magnetic moment. Line LA is recognized as the
acoustic mode since its average position is very close to
Hres of the reference Py film (Fig. 3). From the angle
profile of LA, the effective field of exchange pinning is
Hb = 300–400 Oe. The other line, LO, observed at lower
fields is attributed to the optical mode arising from the
FM-like coupling at the Py/FeMn interface. The differ-
ence between Hres of LA and LO yields, using the above
effective-field expression, the strength of the interlayer
exchange coupling, Hex = 700–900 Oe. The obtained
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FIG. 2. In-plane FMR spectra for Py film (a) and
Py(5)/FeMn(t) bilayers (b)–(d) measured at room tempera-
ture and shown for select orientations of the external field with
respect to the exchange pinning direction (ϕH = 0
◦). Arrows
track the offset of the resonance lines with varying ϕH.
difference in values for Hex and Hb illustrates the two
distinct manifestations of the same interlayer exchange
effect, only one of which contributes to the observed op-
tical resonance mode.
Both acoustic and optical FMR modes carry informa-
tion about the effective magnetization, Meff , contained
in the 4piMeff term in (1). The gap between the LA
branches in Fig. 3 reflects an increase inMeff on decreas-
ing the thickness of FeMn from t = 7 nm to 5 nm29.
Interestingly but not surprisingly, Meff for t = 5 nm is
even higher than the saturation magnetization of the ref-
erence Py film (details below). Such increase in Meff is
expected from an induced magnetic moment in FeMn,
which should increase in magnitude with decreasing t as
a result of the magnetic proximity effect from Py over-
coming the weakening AFM order in FeMn.
The FMR behavior of the Py/FeMn bilayer with t =
3 nm exhibits only one FMR mode, which we interpret
as acoustic and mark LA. Performing the measurements
at different temperatures reveals the key properties of
LA (Fig. 4). Being essentially angle-independent at room
temperature, LA shows unidirectional anisotropy at lower
temperatures, as seen in Hres-vs-ϕH [Fig. 4(b)]. This
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FIG. 3. Resonance field vs field angle for resonance lines LA
and LO for the Py/FeMn(t = 5, 7 nm) bilayers, obtained from
the room-temperature spectra shown in Fig. 2. Hres-vs-ϕH of
line LPy for the reference Py film is shown for comparison.
unidirectional anisotropy indicates the presence of ex-
change pinning in the system and therefore sufficiently
strong AFM-ordering in the thin FeMn layer. As seen in
Fig. 4(d), the exchange pinning vanishes completely at
T & 300 K and is significantly suppressed (with a rel-
atively low TN) compared with the thicker-FeMn struc-
tures, where FMR reveals exchange pinning in the whole
temperature interval [see Suppl. Material].
Reduction of effective TN was reported for similar
exchange-coupled systems and explained by the competi-
tion of the magnetic proximity effect and intrinsic AFM
ordering in the AF layers18. Since the magnetic prox-
imity effect is relatively short range (a few nm), the re-
duction of TN is more pronounced for thinner AF layers,
for which the finite-size effect can also take place18,30.
This explains the relatively large difference in TN for the
structures in our series.
The temperature dependence of Meff obtained from
the FMR data using (1) and shown in Fig. 5(a) helps to
explain the pronounced difference in dynamic properties
between the structures with different t. With increasing
temperature, Meff decreases for the structure with the
7-nm FeMn, which is typical for ferromagnetic materi-
als. In contrast, Meff for the structure with the 5-nm
FeMn has an unconventional upturn at high tempera-
tures. This can be explained by an increase in the net
magnetic moment of the 5-nm FeMn, since its AFM or-
der weakens and the magnetic proximity effect becomes
more pronounced at higher temperatures.
The temperature behavior of Meff for the structure
with the 3-nm FeMn cannot be explained in the same
fashion as for the other structures. The reason is that
the obtained values for Meff are larger than the maxi-
mum possible magnetization of the bilayer or even that
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FIG. 4. Temperature dependent changes in the resonant behavior of the Py/FeMn bilayer with 3-nm thin FeMn. (a) In-plane
FMR spectra measured along (ϕH = 0
◦) and against (ϕH = 180
◦) the pinning direction set during cooling the samples in
a magnetic field of ≈1 kOe. (b) Corresponding angle profiles of the resonance field at select temperatures. (c) Temperature
dependence of the resonance field along (0◦) and against (180◦) the exchange-pinning direction. The resonance field of LPy for
the Py film is shown in panels (b) and (c) for comparison. (d) Exchange-pinning field vs temperature, derived from the data
in panel (c).
of a corresponding Fe film [Fig. 5(a)]. This large enhance-
ment inMeff is unlikely to arise from the presence of some
“easy-plane” magnetic anisotropy, which can contribute
to the 4piMeff term in (1), because the required strength
would be ∼100 kG – too high for any 3d transition-metal
system. On the other hand, such a high value can be
an indication of its magnetic-exchange origin and thus
be attributed to some dynamic effective field, HAF, aris-
ing from the interaction of the FM subsystem with the
AFM component in FeMn. The characteristic frequen-
cies of the AFM excitations near TN are close to the fer-
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FIG. 5. Thickness-dependent parameters governing the FMR
acoustic mode (line LA) of the Py/FeMn bilayers. (a) Ef-
fective demagnetizing field 4piMeff as a function of tempera-
ture. The demagnetizing fields, obtained experimentally for
the control Py film and expected for a Fe film, are shown for
comparison. (b) Resonance frequency corresponding to the
measured resonance field for the single Py film (∼1 kOe) for
all samples.
romagnetic excitations range (low GHz), which should
enable the energy transfer between the FM and AFM
subsystems. With decreasing temperature, the AFM or-
der becomes stronger, which is verified by a strengthen-
ing exchange-pinning. At the same time, the resonance
frequency of the bilayer increases significantly, trending
toward the sub-terahertz range characteristic of the AFM
resonance, as shown in Fig. 5(b).
Coupled FMR modes in exchange-biased F/AF sys-
tems have not, to the best of our knowledge, been re-
ported before. The two FMR modes we observe cannot
be attributed to standing spin wave modes, which have
been reported for similar systems with much thicker Py
(>40 nm)31. We explain our findings in terms of a dy-
namic interplay between the magnetization of Py and the
proximity-induced magnetic moment in FeMn. Along
with the fact that a nonzero magnetization of FeMn is
typical for similar bilayers22,23, we highlight the impor-
tance of the magnetic proximity effect18 for the induced
magnetic moment in FeMn, concentrated in the vicin-
ity of the interface. Our data show that the proximity
exchange from Py acts as a ferromagnetic bias in FeMn,
with the induced magnetic moment becoming greatly en-
hanced as the AFM ordering becomes weaker at elevated
temperatures.
Analyzing the observed acoustic and optical FMR
modes we are able to distinguish between the exchange-
pinning field, Hb, and the exchange-coupling field,
Hex, which characterize different aspects of the stud-
ied exchange-coupled system. Importantly, Hex is im-
possible to determine by using commonly employed qua-
sistatic methods, which yield Hb typically determined as
the field-offset of the hysteresis loop2,12. Due to the dy-
namic nature of the FMR technique, Hex appears as the
5field offset between the acoustic and optical modes of the
bilayer. Hb is still present and reflects the static prop-
erties, i.e. the unidirectional anisotropy. Distinguishing
between Hex and Hb adds a greater detail and a bet-
ter understanding of the exchange-bias effect. Particu-
larly, our results show that the strength of the exchange
pinning (Hb ≈ 400 Oe) in our Py/FeMn is limited by
the factors intrinsic to the AFM (relevant for exchange-
pinning) rather than by the strength of the interfacial
exchange coupling per say (Hex ≈ 1000 Oe).
The considerable frequency enhancement we observe
for the structure with the thinnest FeMn in the series
demonstrates an alternative way for designing magnetic
nanostructures operating in the high-GHz frequency
range. In contrast to the conventional approach to en-
hancing the FMR frequency by tailoring the magnetic
anisotropy, e.g. by using exchange bias3–11, we show that
the frequency can be significantly increased by employing
coupled FMR modes in the proximity-magnetized regime
of the AFM near its Ne´el temperature, where the fre-
quency gap between the spin excitations in the two ma-
terials becomes sufficiently narrow. This approach can
potentially result in a new class of ferromagnetic-like ma-
terials operating at sub-THz frequencies, important for a
variety of high-speed applications.
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SUPPLEMENTAL MATERIAL
1. Sample Fabrication and Methods
A series of multilayers Ta(5)/Py(5)/FeMn(t = 0, 3, 5 and 7 nm)/Al(4) were deposited on oxidized Si substrates
at room temperature using a dc magnetron sputtering system (AJA Inc.). The thicknesses of individual layers
were controlled by setting the deposition time using the respective rate calibrations. In order to induce exchange
pinning, all multilayers were deposited in a magnetic field of .1 kOe applied in the film plane. For temperature-
dependent measurements, the samples were cooled down in a magnetic field applied in the same direction as during
the deposition. The magnetic properties were initially characterized at room temperature using a vibrating-sample
magnetometer (Lakeshore Cryogenics). The FMR measurements were carried out in a temperature interval of 200–
320 K using an X-band ELEXSYS E500 spectrometer (Bruker) at a constant operating frequency of 9.46 GHz and
sweeping the external magnetic field in the film plane. The field sweeping was performed in the reverse direction, from
5 kOe to zero, in order to prevent FMR signals due to possible domain formation at low fields (below ∼100–200 Oe).
2. Temperature-dependent FMR behavior of bilayers with thicker FeMn
The structures with the thicker FeMn layers (t = 5 and 7 nm) have much higher TN than the maximum temperature
available experimentally in our FMR measurements (T ≤ 320 K). With decreasing temperature, the unidirectional
anisotropy observed in Hres-vs-ϕH for line LA increases [Fig. A1(a)]. The corresponding effective exchange filed
Hex can be derived from the temperature dependence of Hres(0
◦) and Hres(180
◦) [Figs. A1(b),(c)]. A pronounced
temperature dependence of Hex is typical for exchange-biased systems [J. Magn. Magn. Mater. 192, 203–232 (1999)].
The highly unusual result is that the derived effective magnetization is 10–20 % larger than that for the reference Py
film [Fig. A1(a)]. This additionally confirms the origin of LA as due to coupled dynamics in the system, discussed in
the main text.
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Figure A1. Temperature-dependent resonance field for the Py/FeMn bilayer with a thicker FeMn (t = 5 nm; TN well above
room temperature). (a) Angle profiles of the resonance field of the LA line versus temperature. (b) Temperature dependence
of the resonance field along (0◦) and against (180◦) the exchange pinning direction. (c) Exchange field vs temperature derived
from the data in panel (b).
